Abstract-For the detection of impulse radio (IR) UWB reference signal and data signal are transmitted within the signals, complex RAKE receiver or low-complexity transmitted coherence time of the channel, it is assumed that the channel reference (TR) autocorrelation receivers can be used. However, responses to the two signals are the same [8] . One drawback there is a performance loss associated with the low-complexity of TR scheme is a loss of at least 6 dB compared to an ideal TR scheme. This paper proposes recursive structures of the con-maTcheme is 3 dB contared thin the ventional TR and averaged TR schemes to improve the detection matched filter receiver, 3 dB due to noise contained within the performance of IR-UWB signals. The performance of proposed reference pulse and 3 dB due to usage of two pulses per bit, schemes is evaluated over the standard IEEE 802.15.4a multipath instead of one [9]. channels. The performance is compared with conventional TR receivers in terms of uncoded bit-error-rate (BER), assuming
The simulation results validate that the proposed schemes has complexity detection. In [6] , an averaged TR (ATR) system better performance by about 2 dB than the conventional TR which performs averaging of all the reference pulses in a and averaged TR receivers.
previous symbol interval has been proposed to remedy the problem of noisy reference pulse. The suppression of noise I. INTRODUCTION by averaging previously received reference pulses requires the Ultra-wideband (UWB) radio is emerging worldwide as a implementation of precise delays which may be burdensome particularly appealing transmission technique for applications [6] . In [8] , optimal and suboptimal UWB TR receivers are anrequiring either high bit rates over short ranges or low bit alyzed and a differential TR system is presented. A differential rates over medium-to-long ranges [1] . The impulse radio UWB and TR detector, and their iterative solutions are considered offers some unique qualities such as high-resolution, low and analyzed in [10] . A decision directed autocorrelation power spectral density and wide bandwidth which makes them receiver and its recursive solution is proposed in [11] for suitable for diverse applications such as wireless personal area pulsed ultra-wideband systems. The decision directed scheme networks (WPANs) and wireless sensor networks.
decreases the signaling overhead but relies on the past symbol The impulse radio UWB systems utilize very narrow pulses decisions. for the transmission. The sub-nanosecond nature of these In this paper, a recursive TR (R-TR) and a recursive pulses provides rich multipath diversity at the receiver as a averaged TR (R-ATR) receiver scheme is investigated and large number of (on the order of hundred) multipath com-proposed with the aim to improve the performance of the ponents (MPCs) can be resolved. The multipath diversity conventional IR-UWB TR schemes. The R-TR and R-ATR available at the receiver can be exploited using a RAKE structures estimate the reference template for the correlator restructure [2] . Since the number of resolved MPCs is very high, cursively from the received reference pulses. The receiver has RAKE receiver needs a large number of correlators (fingers) still low-complexity as the correlation can be performed in the [3] . Providing a receiver with a large number of correlators, analog domain avoiding the high sampling requirements. The however, increases the receiver complexity [4] . Furthermore, a comparison of the proposed receivers has been performed with RAKE receiver needs to estimate the channel impulse response the conventional TR and ATR receivers. The simulation results in order to obtain the correct RAKE weights [5] .
validate that the proposed schemes exhibit a performance gain Alternatively, non-coherent autocorrelation receiver can over the conventional TR receivers. capture the entire received signal energy for slowly varying channels without requiring channel estimation [6] .
The rest of the paper is outlined as follows. In section II, the Transmitted reference scheme that has recently gained signif-signal model of a typical TR IR-UWB system is described and icant attention, is one sub-optimum autocorrelation receiver the UWB channel model used for the performance evaluation scheme for the demodulation of IR-UWB signals [6] , [7] . of the system is discussed. Section III presents the convenTransmitted reference communication systems operate by tional and proposed TR receiver structures. The performance transmitting a pair of unmodulated and modulated signals and evaluation and the results are discussed in section IV and employing the former to demodulate the latter [7] . Since the finally the conclusions are presented in section V. [7] is shown. In Fig (4) cluster, T1 is the arrival time of the Ith cluster and Tk,l is the arrival time of the kth ray in the Ith cluster. The key where g(t) is interpreted as the aggregate channel after confeatures of the IEEE 802.15.4a model include a mixed Poisson volving with the transmitted pulse, g(t) = p(t) * h(t), i.e., distribution for ray arrival times, possible delay dependence of cluster decay times, frequency dependence of the path loss L-1 and Nakagami-m distribution for small scale fading statistics g(t) = 3 cxlp(t -Ti), The received signal is passed through a filter which is through the simplified multipath channel can be expressed as matched to the transmitted pulse. For simplicity, it is assumed that the shape of the received pulse is the same as the transmit-a(pt) Badp¢ss it) X , dt ,/i sgn(.) ted pulse. However, the propagation and antenna effects may distort the received pulses. (6) gjXX (AT) where g(t) and m(t) are filtered versions of g(t) and n(t), ; C respectively.
A. Conventional TR Receivers version of this signal are correlated, as shown in Fig. 3(a) . of the frame that holds the estimated template is utilized in the where TI is the integration interval in each frame which satis-correlation operation. The recursion process can be expressed fies 0 < T K Tg. The bit decision is made using conventional as detection as b = sgn(ZTR), where sgn(.) stands for the sign
function.
The performance of TR system can be improved using ATR where t e [0, Tf /2], g(R-TR)k (t) is the new template and shown in Fig. 3(b) , which performs averaging over the Nf g(R-TR)k-1 (t -D) is the previous template estimates at kth and previous reference pulses prior to demodulation, as described (k -1)th iteration or frame interval, respectively. The constants in [6] , [8] . Fig. 2(b) shows a slightly modified transmitted u and Q can be considered as the weighting factors of the sequence, which illustrates that all the reference pulses in previous template and the new reference pulse, respectively. a bit interval are transmitted first and their corresponding The constant u can also be interpreted as the forgetting factor data-modulated pulses follow with a delay Td = NfTf/2. of previous template estimates. If the channel is fast timeThis signaling sequence needs comparatively shorter delays for varying, this factor can help the estimated template to adapt averaging and also requires that the channel remains invariant the channel variations. If the channel is assumed to be static, only over one bit duration. The averaged template denoted as the parameter , = u = 1/2 can be used, then (9) reduces to g(ATR)(t) is formed over Nf reference pulses as, recursive averaging as
The estimated reference template can be written as The decision statistic is obtained by performing correlation 9(R-TR)j (t) Eg (t) +^j (t), t E [0, Tf/2] , (11) between the averaged estimated template and all the datamodulated pulses within a bit duration.
where j stands for the jth template, Ep is the transmitted energy per pulse, g(t) is the clean template, and ? (t) is B. Recursive TR Receivers the residual noise in the estimated template. This estimated In the proposed R-TR receiver structure, the reference template waveform is used to perform correlation with the template is estimated in a recursive manner to enable the received signal. The output of multiplier of the correlator receiver to capture adequate multipath diversity, see Fig. 4(a) . consists of signal regions and noise-only regions, so the choice First, the previous estimated template is obtained using a delay of integration interval becomes a crucial parameter as the D, since the template estimation process assumes that the integration should be performed only over the signal regions. delay between two subsequent reference pulses is D =Tf, see The selection of an optimum integration interval can avoid the Fig. 2(a) . The previous estimated template and the reference accumulation of noise in the decision variable. In this case, the pulse in the newly received frame are pre-multiplied with decision statistic at the output of the correlator assuming an appropriate weights and then added to obtain new estimated ideal synchronization is given by, =Bandpass rvr > > x -. is the previous template estimates at kth and (k -1)th iteration or bit interval, respectively. The term g(ATR)k (t) represents
the average over Nf received reference pulses within the current bit duration. Again, the parameter = =1/2 can g(ATR)k(t) g(R-ATR)k 1(t D) be used assuming that the channel is static, then (13) reduces to recursive averaging as In case of R-ATR scheme, the newly estimated template g(R-ATR)k (t) is used in the correlator for demodulation of all the subsequent data-modulated pulses over a bit interval to form the decision statistic.
Nf-1 jTf+Td+TI
The IR-UWB systems use time-hopping (TH) and polarity [O C, 1, ... , and same with the slightly modified transmitted sequence shown R(T) f= -p(t)p(t-T)dt. The noise hj (t) and hj (t) are in Fig. 2(b) . However, if pulse-based polarity scrambling is zero mean Gaussian independent of j (t), so the noise-signal used with ATR and R-ATR schemes, the descrambling of terms in (12) can be considered as zero mean Gaussian the polarity should be performed in the receiver before the random variables. As in [8] , the noise-noise term is sum averaging operations. of Nf independent random variables each of the form fjTf±Td+TI ij (t) ij (t -Td)dt, for different values of j.
IV. PERFORMANCE EVALUATION
This term can also be approximated as a zero mean Gaussian
In order to evaluate performance of the receivers, TR IRrandom variable according to the central-limit theorem.
UWB system is simulated on the multipath channels proposed Furthermore, the conventional noise averaging ATR scheme by IEEE 802.15.4a for low-data-rate UWB systems. The biis extended to generate a recursive structure called recursive nary antipodal modulation is used employing second derivative averaged TR (R-ATR) scheme, as depicted in Fig. 4(b) . First, of the Gaussian pulse with about 1.4 ns pulse duration. The like ATR, the proposed R-ATR receiver performs average by uncoded data rate of 0.5 Mbps is achieved with Nf =10 appropriately delaying Nf received reference pulses within the and Tf =200 ns. The delay Td =100 ns and the integration current bit, see Fig. 2(b) . In addition, the resulting waveform interval within each frame is TI 50 ns. The channel model and the previously estimated template are pre-multiplied with CM1 is used which covers residential line-of-sight (LOS) appropriate weights and then added to obtain the new reference environments with maximum delay spread of about 100 ns, _______... .._......._......._........_...........effect....in. the...estimated. 
